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Abstract 

Lithium  manganate  spinel  is  extensively  studied  as  a  positive  electrode  in  lithium  ion  rechargeable  batteries.  Growth  of  nano- size  cathode 
particles  is  proposed  to  improve  the  rate  capabilities  of  these  cathode  materials.  It  remains  controversial  if  the  particle  size  in  the  nano-range 
(as  compared  to  the  conventional  micrometer  size  particles  of  these  materials)  has  any  appreciable  influence  on  the  discharge  capacity,  rate 
capabilities,  and  cycleability  of  these  materials.  In  the  4  V  range,  especially  at  slightly  elevated  temperature,  lithium  manganate  exhibits 
capacity  fading  though  the  underlying  mechanism  for  such  fading  is  not  yet  clear.  In  the  present  work,  we  have  successfully  prepared 
nano-crystalline  lithium  manganate  spinel  powder  by  an  acetate  base  solution  route.  Though  the  discharge  capacity  of  these  nano-crystalline 
cathodes  was  equivalent  to  their  microcrystalline  counterpart,  these  exhibited  capacity  fading  in  the  4  V  range.  Through  a  combined  X-ray 
diffraction,  micro-Raman  spectroscopy,  and  X-ray  photoelectron  spectroscopy  (XPS)  analyses,  we  correlated  the  observed  capacity  fading 
with  the  onset  of  Jahn-Teller  (J-T)  distortion  toward  the  end  of  the  discharge  in  the  cut-off  limit  between  4.2  and  3.4  V.  It  was  postulated 
that  if  J-T  distortion  is  the  dominant  fading  mechanism  of  these  nano-crystalline  cathodes  then  by  increasing  the  average  oxidation  state 
of  the  Mn  ions  in  a  virgin  lithium  manganate  cathode,  the  onset  of  such  distortion  towards  the  end  of  the  discharge  could  be  delayed,  and 
therefore,  the  cycleability  of  these  cathodes  could  be  improved.  By  synthesizing  lithium  and  aluminum  ion  co-doped  lithium  manganate 
particles,  we  could  increase  the  average  oxidation  state  of  the  Mn  ions  in  the  virgin  electrodes.  Indeed,  the  cycleability  of  these  co-doped 
cathodes  was  dramatically  improved  which  supports  our  postulation.  The  doping  contents  of  lithium  and  aluminum,  however,  should  be 
further  optimized  to  further  increase  the  discharge  capacity  of  these  modified  cathodes. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Li  ion  rechargeable  batteries  have  better  performance  over 
the  other  competitive  rechargeable  batteries  due  to  their 
higher  operative  voltage  (around  3-4  V  range),  high-energy 
storage  capacity,  low  self-discharge,  and  high  cycleability. 
For  the  application  in  high  power  devices  (viz.  devices  for 
telecommunication,  various  consumer  electronic  products 
such  as  laptop,  camcorder,  etc.),  the  discharge  capacity  of  Li 
ion  batteries  at  higher  current  rate  required  is  to  be  improved. 
As  diffusion  of  lithium  ions  inside  the  active  material  parti¬ 
cles  is  the  rate-limiting  step  of  intercalation  process,  faster 
Li+  diffusion  in  the  electrode  materials  could  improve  the 
rate  capabilities  of  Li  ion  batteries.  In  this  regard,  devel¬ 
opment  of  nano-structured  electrodes  is  attractive,  since  in 
such  electrodes,  Li+  diffusion  distance  is  dramatically  re¬ 
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duced  and  faster  Li+  diffusion  yields  better  electrochemical 
performance  of  the  electrode  materials.  Thus  it  is  reported 
that  nano-crystalline  ferric  oxide  exhibits  very  high  lithium 
intercalation  capacity,  excellent  rate  capability,  and  capacity 
retention  [1].  Other  nano-crystalline  transition  metal  oxides 
(CuO,  Ni,  Co,  etc.)  as  anode  material  were  also  reported  to 
have  high  capacity,  excellent  capacity  retention  up  to  100  cy¬ 
cles,  and  high  recharging  rates  [2].  Nano-crystalline  Si  com¬ 
posite  with  carbon  black  has  been  reported  to  have  shown 
extremely  high  reversible  capacity  ~1700mAh/g  [3].  Im¬ 
proved  Li+  intercalation  behavior  in  carbon-nanotubes  (as 
anode)  has  been  reported  [4].  Aerogels,  due  to  their  high  spe¬ 
cific  surface  area  and  interconnected  solid  network  structure, 
have  been  shown  to  exhibit  high  specific  energy  [5].  The  rate 
capabilities  of  a  variety  of  electrode  materials  were  vastly 
improved  by  growing  them  in  the  form  of  nano-tubules  di¬ 
rectly  on  the  current  collector  surface  by  a  template  synthesis 
technique  [6].  Apart  from  the  anode  and  cathode  materials, 
electrolyte  also  influences  the  electrochemical  performance 
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of  Li  ion  batteries.  Conventionally,  liquid  electrolytes  (con¬ 
sisting  a  Li  based  salt  and  carbonate  salt  mixtures)  are  used 
in  Li  ion  based  batteries.  However,  research  is  underway 
to  make  all  solid  state,  flexible  Li  ion  batteries  for  bet¬ 
ter  performance  [7].  Polymer,  ceramic  oxide  nano-powder, 
composites  exhibit  promising  characteristics  as  solid  state 
electrolytes.  The  introduction  of  nano-crystalline  ceramic 
oxides  has  been  reported  to  reduce  the  glass  transition  tem¬ 
perature  of  the  polymer  and  thereby  increase  the  Li+  con¬ 
ductivity  at  room  temperature  [8]. 

Lithium  manganate  (Lii_xMn204)  (LMO)  with  cubic 
spinel  structure  is  considered  to  be  less  expensive,  envi¬ 
ronmentally  benign  alternative  material  to  the  conventional 
layered  LiCoC>2  based  cathodes.  In  the  spinel  LMO,  Li 
ions  occupy  tetrahedral  (8a)  sites,  Mn  ions  (Mn3+/Mn4+) 
occupy  octahedral  (16d)  sites,  and  the  O2-  ions  occupy 
the  octahedral  (32e)  sites.  The  oxygen  ions  form  a  cu¬ 
bic  closed-pack  array.  The  tetrahedral  (8a)  sites  share 
face  with  vacant  octahedral  site  (16c),  so  that  eventually 
3-dimensional  8a-16c-8a-16c  channel  is  formed  for  the 
Li+  intercalation.  In  the  composition  range  (0  <  v  <  1), 
LMO  remains  cubic,  i.e  the  electrochemical  extraction  of 
lithium  from  the  tetrahedral  sites  of  LiMn204  (~4  V)  does 
not  alter  the  cubic  symmetry  of  the  spinel  electrode.  The 
electrochemical  reaction  is  represented  as 

LiMn204  Lii_*Mn204  +  vLi+  +  xe~  (1) 

The  Li+  extraction/insertion  occurs  in  two-step  in  the 
composition  range  0  <  x  <  0.5  and  0.5  <  x  <  1.0,  respec¬ 
tively.  However,  the  crystal  structure  always  remain  cubic.  In 
the  composition  range  1.0  <  x  <  2.0  the  cubic  spinel  phase 

o 

(lattice  parameter,  a  =  8.248  A)  transforms  to  a  tetragonal 
rock-salt  phase  (< a  =  8.007  A,  c  =  9.274  A)  at  ~3  V. 

Li  +  LiMn204  L^M^CL  (2) 

The  cubic  to  tetragonal  phase  transition  is  associated  with 
16%  increase  of  the  da  ratio  of  the  unit  cell.  Cycling  in  3  V 
range  often  reported  to  have  poor  capacity  retention  of  the 
battery  as  the  large  anisotropic  change  in  the  lattice  param¬ 
eter  are  too  severe  for  the  cathode  particle  to  maintain  their 
structural  integrity  with  the  current  collector.  Even  in  the  4  V 
range,  poor  rate  capabilities  (especially  when  discharged  at 
high  load  current),  capacity  fading  (particularly  at  elevated 
temperatures),  and  self  discharge  of  LMO  based  cathodes 
remain  some  of  the  major  hindrance  factors  for  their  use  in 
commercial  devices  [9]. 

Since  the  nano-particles  have  large  surface  area  to  volume 
ratio,  the  effective  charge  transfer  should  be  superior,  and 
accordingly,  it  was  demonstrated  the  intercalation  of  alkali 
metals  nano-crystalline  materials  were  better  [10].  Exten¬ 
sive  investigations  on  the  LMO  cathode  were  performed 
using  micrometer  size  particles  and  their  electrochemi¬ 
cal  properties  were  optimized  for  practical  applications. 
Recently,  several  research  efforts  are  made  to  synthesize 
nano-crystalline  LMO  particles  and  study  their  electro¬ 
chemical  properties.  Some  of  the  reported  electrochemical 
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properties  of  nano-crystalline  LMO  are  summarized  in 
Table  1.  As  shown  in  the  table,  from  these  studies,  it  is  not 
very  clear  whether  the  use  of  nano-crystalline  LMO  cathode 
would  have  any  beneficiary  effect  over  their  micron  size 
counterpart  or  not.  Moreover,  the  underlying  mechanism 
control  the  capacity  fading  both  at  4  and  3  V  range  is  not 
well  understood  [11-17].  Possibly  the  kinetics  of  the  inter¬ 
calation  behavior  of  Li+  ions  in  nano-crystalline  LMO  are 
intrinsically  different  as  compared  to  their  micro-crystalline 
counterpart.  Therefore,  nano-crystalline  materials  are  re¬ 
quired  to  be  further  investigated  to  understand  their  elec¬ 
trochemical  properties  in  terms  of  their  discharge  capacity, 
charge-discharge  behavior  and  cycleability. 

In  the  present  work,  we  have  prepared  nano-crystalline 
LMO  powders  (particle  size  <  100  nm)  using  a  cost  effec¬ 
tive  solution  growth  technique.  The  phase  formation  behav¬ 
ior  of  these  powders  was  characterized  by  X-ray  diffraction. 
The  lattice  parameter,  crystallite  size,  and  lattice  strain  were 
calculated  from  the  slow  scanned  X-ray  diffractograms.  The 
surface  morphology  of  the  particles  was  characterized  by 
transmission  as  well  as  scanning  electron  microscopy.  The 
excellent  Li+  intercalation  into  the  cathode  materials  was 
confirmed  by  cyclic  voltammetry.  In  the  voltage  range  be¬ 
tween  4.2  and  3.4  V  and  between  4.2  and  2.6  V,  the  LMO 
cathode  had  a  discharge  capacity  ~  1 1 8  and  220  mAh /g,  re¬ 
spectively.  These  cathodes,  however,  exhibited  severe  capac¬ 
ity  fading  in  the  4  V  range.  On  the  basis  of  XPS  analyses 
in  conjunction  with  XRD  and  micro-Raman  spectroscopy 
measurements,  we  have  argued  that  the  capacity  fading  is 
due  to  the  early  onset  of  Jahn-Teller  (J-T)  distortion  during 
the  repeated  charge-discharge  cycles.  LMO  films  co-doped 
with  Li  and  Al  were  found  to  be  effective  to  reduce  the  early 
onset  of  J-T  distortion  (>3  V  regime)  and  thereby  improve 
the  cycleability  of  nano-crystalline  LMO. 

2.  Experimental 

Lithium  manganate  powder  was  synthesized  by  chemical 
solution  route  using  lithium  acetate  and  manganese  acetate 
as  precursor  materials.  The  details  of  the  powder  synthesis 
have  been  reported  elsewhere  [18].  Aluminum  nitrate  was 
used  as  precursor  material  to  prepare  Al  doped  lithium  man¬ 
ganate  composition.  The  phase  formation  behavior  of  the 
calcined  powder  was  characterized  by  XRD  using  Cu  Ka 
radiation  in  the  20  ranges  of  15-70°.  Selected  diffraction 
peaks  were  slow  scanned  at  a  scanning  speed  of  0.3°  min-1 . 
From  the  recorded  XRD  pattern,  the  accurate  peak  position 
(20)  as  well  as  the  full-width  at  half  maxima  (FWHM) 
(P)  of  each  slow  scanned  diffraction  peaks  was  estimated 
by  fitting  the  diffraction  peak  with  Pearson  VII  amplitude 
function  using  a  commercial  peak  fit  software.  These  values 
were  used  to  calculate  the  crystallite  size  and  lattice  strain 
of  the  synthesized  powder  using  Williamson  Hall  equation 
[19].  X-ray  photoelectron  spectroscopy  (XPS)  measure¬ 
ments  were  performed  by  a  PHI5600  ESCA  system  (Physi¬ 


cal  Electronics),  using  Al  Ka  radiation.  Curve  fitting  of  the 
slow  scanned  XPS  spectra  was  carried  out  using  a  non-linear 
least  squares  fitting  program  with  a  Gaussian-Lorentzian 
sum  function.  All  binding  energies  reported  in  this  pa¬ 
per  were  charge-corrected  using  the  C  Is  peak  (284.5  eV) 
from  the  C  black  in  the  composite  electrode.  Raman  mea¬ 
surements  were  performed  using  a  Jobin-Yvon  T64000 
spectrophotometer  consisting  a  double  premonochromator 
coupled  to  a  third  monochromator/spectrograph  with  1800 
grooves/mm  grating.  The  514.5  nm  radiation  of  an  Ar+  laser 
was  focused  in  a  less  than  2  p,m  diameter  circle  area  by 
using  Raman  micro-probe  with  an  80  x  objective.  The  same 
microscope  was  used  to  collect  the  signal  in  backscattering 
geometry  and  to  focus  it  at  the  entrance  of  the  premonochro¬ 
mator.  The  scattered  light,  dispersed  by  the  spectropho¬ 
tometer  was  detected  by  a  charge  coupled  device  detection 
system. 

The  electrochemical  characteristics  of  the  nano-crystalline 
powders  were  carried  out  in  a  two-electrode  test  cell  kept 
inside  a  glove  box.  A  composite  electrode  consisting  of 
nano- size  LMO  powder,  carbon  black,  and  the  polyvinyli- 
dene  binder  in  the  weight  ratio  of  80:10:10  was  used  as 
the  working  electrode.  Lithium  metal  foils  were  used  as 
the  counter  and  reference  electrodes.  LiPF6  (1  M)  in  a  1:1 
(by  weight)  mixture  of  ethylene  carbonate  and  dimethyl 
carbonate  (DMC)  was  used  as  electrolyte.  Celgard  2400 
was  used  as  separator  between  anode  and  cathode.  A 
computer  controlled  potentiostat/galvanostat  system  [con¬ 
sisting  a  PC  750.4  controller  and  PHE  200  software 
(Gamry  Instruments)]  was  used  for  cyclic  voltammetry 
and  charge-discharge  measurements.  The  CV  plots  were 
recorded  at  a  scan  speed  of  0.2  mV  s-1  in  a  voltage  range  of 
4.2-3.4V,  unless  mentioned  otherwise.  Charge-discharge 
measurements  at  ambient  temperature  were  performed  in  a 
voltage  range  of  4. 2-3 .4  V  (unless  specified  otherwise)  at 
0.98  C  rates. 


3.  Results  and  discussions 

Stoichiometric  lithium  manganate  (LfiVh^CL)  (LMO) 
powders  were  calcined  in  the  temperature  range  of 
600-850  °C  for  extended  period  ranging  from  1  to  24  h.  At 
relatively  lower  temperature  (<700  °C),  the  annealing  for 
2h  yielded  cubic  spinel  phase  mixed  with  small  amount 
of  Mn203.  However,  phase  pure  LMO  spinel  was  obtained 
up  on  calcining  the  powders  either  for  extended  time  or  at 
higher  calcination  temperature  ^800  °C. 

Fig.  1(a)  shows  the  transmission  electron  micrograph 
(TEM)  of  solution  synthesized  spinel  LiMn204  powder 
calcined  at  700  °C  for  15  h.  Within  the  selected  region  for 
TEM  observation,  particles  in  the  size  range  of  60-100  nm 
are  visible.  In  some  regions  agglomerates  are  also  identi¬ 
fied.  A  separated  particle  is  shown  in  Fig.  1(b).  The  black 
contours  inside  the  grain  (marked  by  arrow)  are  believed 
to  be  due  to  retained  strain  (see  the  XRD  analyses  reported 
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Nano-crystallite 


Fig.  1.  (a)  TEM  micrographs  of  calcined  lithium  manganate  powders.  The  inset  shows  the  SEM  micrograph  of  the  composite  lithium  manganate  cathode, 
(b)  TEM  micrograph  of  a  single  lithium  manganate  particle  and  (c)  the  high  resolution  TEM  micrograph  of  a  single  lithium  manganate  shows  that  each 
particle  is  the  aggregates  of  several  nano-crystallites. 


later).  Close  inspection  of  Fig.  1(b)  shows  that  each  single 
particle  consists  of  several  nano-crystallites.  Fig.  1(c)  shows 
the  magnified  TEM  micrograph  of  such  an  individual  par¬ 
ticle.  It  is  clearly  seen  that  the  particle  constitutes  several 
nano-crystallite  having  lattice  plain  oriented  in  different  di¬ 
rections.  Similar  observation  has  also  been  reported  in  case 
of  solid  state  prepared  LiMn204  particle  ball-milled  for 
extended  period  of  time  [17].  The  exact  mechanism  of  the 
formation  of  such  nano- grains  either  in  the  solution  derived 
or  in  extended  ball-milled  powder  so  far  is  poorly  under¬ 
stood.  Since  grown  by  a  solid  state  route,  these  particles 
had  larger  size  as  compared  to  our  solution  synthesized  par¬ 
ticles,  however,  due  to  the  presence  of  nano-size  sub-grains 
inside  the  relatively  larger  particles,  the  capacity  fading  due 
to  Jahn-Teller  distortion  in  the  3  V  range  is  reported  to  be 
improved. 


The  nano-powders,  synthesized  in  our  laboratory,  were 
tested  in  terms  of  their  electrochemical  characteristics.  Fig.  2 
shows  the  typical  charge  and  discharge  profile  of  the  as¬ 
sembled  cell  (composite  cathode-liquid  electrolyte-anode) 
in  the  voltage  range  between  4.2  and  3.4  V  at  0.98  C  rate 
(1C  corresponds  to  148mA/g  current  to  charge/discharge 
the  cell  in  1  h).  Li  ions  occupy  the  tetrahedral  8a  sites  and 
the  three-dimensional  8a-16c-8a-16c  channels  provide  an 
energetically  favorable  pathway  for  rapid  diffusion  of  Li+ 
during  charging  and  discharging.  The  two  plateaus  in  the  4  V 
range  are  due  to  the  ordering  of  Li+  in  the  tetrahedral  sites 
or  Mn  ions  in  the  octahedral  (16d)  sites,  which  corresponds 
to  a  cubic-to-cubic  transition  [20,21].  This  two-step  extrac¬ 
tion  (during  charging)  as  well  as  insertion  (during  discharg¬ 
ing)  of  Li+  ions  is  clearly  visible  the  cyclic  voltammograms 
(CV),  where  the  voltages  corresponding  the  plateau  match 
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Fig.  2.  The  discharge  capacity  of  nano-crystalline  lithium  manganate  composite  cathode  in  the  4  V  range.  The  inset  shows  the  cyclic  voltammogram  in 
the  4  V  range  and  the  discharge  capacity  in  the  voltage  range  of  4. 2-2.6  V. 


well  with  the  peaks  of  the  CV  plot  (see  inset).  During  deep 
discharge  (see  the  other  inset),  all  the  available  tetrahedral 
sites  are  already  filled  and  Li+  ions  are  inserted  into  the  oc¬ 
tahedral  sites  about  2.8  V  and  the  material  has  undergone 
a  cubic  to  tetragonal  structural  transition  with  a  6.5%  vol¬ 
ume  expansion  (Jahn-Teller  distortion)  [22].  For  the  present 
work,  we  have  concentrated  on  the  charge-discharge  char¬ 
acteristics  in  the  4. 2-3. 4  V  (4  V  range)  regime  where  appar¬ 
ently,  the  J-T  distortion  should  not  affect  the  cycleability 
of  the  cathode  materials.  The  charge-discharge  characteris¬ 
tics  of  the  synthesized  nano-materials,  both  in  the  4  and  3  V 
ranges,  are  better  or  comparable  [11-17]  with  the  existing 
literature  reports.  However,  severe  capacity  fading  was  ob¬ 
served  when  these  nano-crystalline  LMO  cathodes  were  re¬ 
peatedly  cycled  galvanostatically  in  the  4  V  range,  at  ~  1  C 
rate.  As,  for  example,  within  five  charge-discharge  cycles, 
the  capacity  dropped  from  120  down  to  72mAh/g.  To  gain 
better  insight  about  the  observed  capacity  fading,  the  charac¬ 
teristic  (111),  (3  1  1),  (400),  and  (4  4  0)  slow  scanned  X-ray 
diffraction  (XRD)  peaks  of  spinel  LMO  were  recorded  from 
as  prepared  as  well  as  25  times  cycled  electrodes.  Fig.  3 
shows  the  (4  4  0)  peak  before  and  after  charge-discharge  cy¬ 
cling.  As  compared  to  the  virgin  electrode,  the  full- width 
half  maxima  (FWHM)  of  (440)  peak  is  significantly  in¬ 
creased  after  cycling.  Similar  features  were  also  observed 
in  the  other  diffraction  peaks.  To  obtain  accurate  peak  po¬ 
sition  (2(9)  as  well  as  FWHM  values  (p)  these  peaks  were 
fitted  to  Pearson  VII  amplitude  function  using  a  commercial 
Peakfit-4  program.  After  correcting  the  instrumental  broad¬ 
ening  [23],  the  remaining  line  broadening  (/3)  is  believed 
to  be  due  to  the  crystallite  size  (/3Cryst)  and  retained  strain 


(/Wain)  broadening  [19].  Therefore, 

P  ~  Pcvyst  T  /Wain  (5) 

Now,  from  Scherrer’ s  equation  [23]  Wyst  =  0.9Ax-ray/^cos  0 

o 

(where  Ax-ray  =  1.5418  A,  t  is  the  crystallite  size,  and  6 
is  the  Bragg’s  diffraction  angle)  and  /Wain  =  4c tan 0  [19]. 
Multiplying  both  sides  of  Eq.  (1)  cos  0/Ax- ray  and  subsequent 
rearrangement 

P  cos  0  0.9  4s  sin  0 

- - =  —  + -  (4) 

Ax  -ray  t  Ax  -ray 

The  intercept  and  slope  of  the  linear  fit  of  p  cos  0/Ax-ray  ver¬ 
sus  sin  01 A  plot  was  used  to  estimate  the  crystallite  size  and 
lattice  strain,  respectively.  The  inset  of  Fig.  3  shows  such  lin¬ 
ear  fit  of  virgin  and  after  25  times  charged-discharged  LMO 
electrodes.  Note  that  both  the  crystallite  size  (t)  and  lattice 
strain  (s)  are  increased  after  cycling.  Marginal  increment  of 

o 

the  lattice  parameter  of  LMO  (8.19  A)  has  been  observed 
after  25  cycles  (8.20  A). 

It  is  well  known  that  the  nature  of  an  electrode  surface 
is  critical  for  the  electrochemical  functionality  of  the  mate¬ 
rial  [24].  The  surface  of  the  LMO  cathode  before  and  after 
charge-discharge  cycle  was  analyzed  by  X-ray  photoelec¬ 
tron  spectroscopy.  Fig.  4  shows  the  slow  scanned  Mn3p  peak 
of  (a)  virgin  and  (b)  cycled  LMO  electrodes.  The  peaks  were 
deconvoluted  using  Gaussian-Lorentzian  amplitude  func¬ 
tions  and  the  fitting  parameters  are  tabulated  in  Table  2. 
The  Mn3p  peak  in  the  binding  energy  ~49.8  to  50.2  eV  and 
~48.2  to  48.5  eV  is  assigned  to  be  due  to  Mn4+  and  Mn3+ 
ions,  respectively  [24].  The  integrated  area  under  these  fitted 
peaks  denotes  the  fraction  of  each  of  these  ion  content  in  the 
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Fig.  3.  The  experimental  (symbol)  and  fitted  (line)  slow  scanned  XRD  plot  of  (440)  diffraction  peak  of  lithium  manganate  before  and  after  cycling.  The 
inset  shows  the  linear  fit  of  /3cos6/X  vs.  sin  0/k  plot  to  calculate  the  crystallite  size  (intercept)  and  lattice  strain  (slope)  before  and  after  cycling  (see  text). 


Binding  energy  (eV) 


Binding  energy  (eV) 


Fig.  4.  The  slow  scanned  Mn3p  XPS  of  lithium  manganate  (a)  before  and  (b)  after  electrochemical  cycling. 


Table  2 


Summary  of  the  fitting  parameters  of  Mn3p  XPS  peak  of  LiM^CU  before 
and  after  25th  charge-discharge  cycles 


Mn3p  (eV)  [FWHM] 

Integral  area 
(sq.  unit) 

[Mn3+]: 

[Mn4+] 

Virgin  electrode 

48.29  [2.03]  (Mn3+) 

2497 

0.97:1 

49.86  [2.74]  (Mn4+) 

2583 

After  25th  cycles 

48.49  [2.23]  (Mn3+) 

4924 

3.80:1 

50.31  [1.71]  (Mn4+) 

1296 

cathode  material.  As  shown  in  Table  2,  the  ratio  of  Mn3+ 
and  Mn4+  ion  contents  are  0.97: 1  for  virgin  electrode,  this  is 
expected  since  the  valence  state  of  Mn  ions  in  stoichiometric 
LiMn2C>4  should  be  +3.5,  the  ratio  of  Mn  should  indeed  be 
~  1 : 1  as  observed.  In  contrast,  after  the  charge-discharge  cy¬ 
cling  the  Mn3+  :Mn4+  ratio  is  drastically  increased  to  3.80: 1 . 
Fig.  5  shows  the  Raman  spectra  of  (a)  virgin  and  (b)  cycled 
LMO  electrode.  The  assignment  of  T2g(l),  T2g(2),  T2g(3), 
and  Aig  modes  are  based  on  the  theoretical  calculations  on 
Raman-active  modes  for  LiMn204  reported  elsewhere  [25]. 
The  T2g  (2)  as  well  as  T2g  (3)  phones  are  characterized  by 
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Fig.  5.  Micro-Raman  spectra  of  lithium  manganate  (a)  virgin  and  (b) 
electrochemically  cycled  composite  cathodes. 


large  oxygen  motions  and  only  marginal  Li  displacement, 
whereas  T2g  (1)  phonon  vibrations  are  predominantly  due 
to  Li  movement  in  the  lattice.  Aig  mode  is  also  reported  to 
be  due  to  oxygen  ion  vibration  in  the  lattice.  The  narrower 
bandwidth  of  Aig  mode  is  indicative  to  symmetric  vibration. 
After  cycling,  the  Aig  mode  becomes  sharper  and  shifted  to 
higher  wave  number  (Fig.  5(b)).  As  detected  by  XPS  anal¬ 
ysis,  the  Mn3+  ion  concentration  is  dramatically  increased 
after  cycling.  The  ionic  radius  of  Mn3+  ion  is  bigger  than 
Mn4+  [26],  and  therefore,  due  to  the  reduction  of  Mn  ions 
in  octahedral  16d  site  after  repeated  cycling  should  indeed 
shift  the  Aig  phonon  mode  to  higher  wave  number  as  ob¬ 
served  in  the  present  study.  In  summary,  we  have  found 
that  after  charge-discharge  cycling:  (i)  the  Mn3+  ion  con¬ 
centration,  (ii)  the  lattice  strain,  and  (iii)  crystallite  size  of 
nano-crystalline  LMO  powders  are  significantly  increased 
where  there  is  marginal  increment  of  the  measured  lattice 
parameter. 

Although  it  still  remains  debatable,  the  capacity  fading  of 
LMO  cathode  in  4  V  range  has  been  attributed  to  the  follow¬ 
ing  three  factors  namely  (i)  manganese  dissolution  into  the 
electrolyte  solution  [27-31],  (ii)  J-T  distortion  due  to  the 
formation  of  tetragonal  Li2Mn204  on  LMO  surface  [32,33], 
and  (iii)  development  of  micro- strain  during  repeated  charge 
and  discharge  cycling  [9,34].  Most  of  these  studies  were  per¬ 
formed  using  solid  state  prepared  LMO  with  comparatively 
larger  particle  size  of  several  micron  mean  diameter.  The 
nano-crystalline  LMO  powders  exhibited  poorer  cycleabil- 
ity  as  compared  to  their  microcrystalline  counterpart  [16].  It 
is  assumed  that  for  a  variety  of  nano-crystalline  cathode  ma¬ 
terials,  efficient  electrical  contact  of  the  entire  active  mass  to 
the  current  collector  deteriorates  with  charge-discharge  cy¬ 
cling  which  results  the  observed  capacity  fading  [13].  Lucas 
and  Angell  [16]  relates  the  capacity  fading  with  the  accel¬ 


erated  electrode  dissolution  in  electrolyte  due  to  the  larger 
specific  surface  area  of  nano-crystalline  LMO  powders.  Shin 
and  Manthiram  [12]  on  the  other  hand,  observed  that  even  if 
manganese  dissolution  is  more  in  chemical  solution  prepared 
LMO  with  smaller  particle  size  (~1  pan),  their  cycleability 
is  better  as  compared  to  the  solid  state  synthesized  larger  par¬ 
ticles.  The  better  cycleability  for  the  smaller  particles  were 
claimed  to  be  related  to  the  suppression  of  the  induced  lat¬ 
tice  strain  during  charge-discharge  cycles.  Thus,  the  mech¬ 
anism  for  capacity  fading  especially  in  case  of  nano-LMO 
cathodes  is  so  far  been  poorly  understood.  Based  on  our 
experimental  results  and  the  subsequent  analyses  presented 
above,  we  have  made  an  attempt  to  shed  light  on  the  domi¬ 
nant  mechanism  that  leads  to  poor  cycleability  of  the  LMO 
powders  studied  in  the  present  work. 

Let  us  first  examine  if  the  Mn  dissolution  into  electrolyte 
solution  is  the  dominant  mechanism  for  capacity  fading  or 
not.  It  is  reported  that  hydrolysis  of  a  fluorinated  salt  (such 
as  LiPF^  as  used  in  the  present  study)  generates  hydrofluoric 
acid  (HF)  which  in  turn  dissolve  active  electrode  material 
from  the  composite  electrode  according  to  the  following 
reaction  [14]: 

2LiMn204  3A.Mn02solid  +  MnOsoiution  T  Li20solution 

(5) 

It  has  been  speculated  that  the  nano-crystalline  materials, 
having  larger  specific  surface  area  (as  compared  to  their 
counterpart  with  larger  particle  size),  would  accelerate  the 
dissolution  process  [14,16].  Electrochemically,  it  is  difficult 
to  extract  all  the  lithium  from  LiM^CL,  however,  Hunter 
[35]  have  demonstrated  that  by  chemical  reaction  with  acid 
essentially  all  the  Li  can  be  extracted.  In  practice,  as  the 
cell  approaches  the  top  of  the  charge  (~4.2V),  possibly 
oxygen  is  lost  form  LMO  lattice  (^Lii_xMn204_a)  lattice 
which  results  concomitant  reduction  of  Mn4+  to  Mn34" .  The 
acid  attack  eventually  drives  the  following  disproportionate 
reaction  at  the  surface  of  the  electrode  material  resulting  the 
loss  of  Mn  ions  from  the  lattice  [36]. 

2Mn3+  =►  Mnl  +  Mn^tion  (6) 

If  the  dissolution  of  the  active  material  would  the  dominant 
mechanism  for  the  capacity  fading  in  the  present  case,  then 
the  Mn4+  ion  concentration  would  have  been  abundant.  On 
contrary,  we  have  found  that  after  25th  discharge  the  Mn3+ 
ion  concentration  is  much  larger  than  the  Mn44  concentra¬ 
tion.  The  studies  on  chemically  delithiated  Lii_xMn204  also 
showed  that  the  spinel  lattice  is  not  oxygen  deficient  [37]. 
Also,  as  assessed  by  soaking  the  electrode  in  the  electrolyte 
at  55  °C  for  the  extended  time  [34]  or  during  cycling  [9],  the 
degree  of  manganese  dissolution  of  LMO  based  electrode 
was  found  to  be  minimal  (~2  wt.%)  in  LiMn204  and  various 
cation  doped  LiMn2-vMv04  (M  =  doped  cation)  cathodes. 
Therefore,  based  on  our  experimental  results  and  the  above 
supportive  evidences,  the  dissolution  of  active  electrode  into 
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the  electrolyte  solution  does  not  seem  to  be  the  dominant 
mechanism  for  capacity  fading  in  nano-crystalline  materials. 

Now  let  us  examine  if  the  onset  of  J-T  distortion  towards 
the  end  of  discharge  plays  any  significant  role  to  the  observed 
capacity  fading  on  nano-crystalline  LMO  spinel.  Under  dy¬ 
namic  and  non-equilibrium  conditions  (expedited  by  high 
‘C’  rate  charge/discharge  experiments),  above  3  V,  the  onset 
of  Jahn-Teller  distortion  (cubic  to  tetragonal  structural  tran¬ 
sition)  at  the  particle  surface  of  the  spinel  electrode  has  been 
reported  [32]  and  also  supported  by  electron  diffraction  pat¬ 
terns  [33,36].  As  a  result  tetragonal  Li2Mn204  was  formed 
on  LiMn204  surface  at  3.3  V.  The  mechanism  of  the  for¬ 
mation  of  Li2Mn2C>4  has  been  proposed  as  follows:  during 
the  discharge  at  lower  load  current,  first  all  the  tetrahedral 
(8a)  sites  are  filled  by  Li+,  the  voltage  then  sharply  drops 
to  3  V,  and  the  octahedral  (16d)  sites  start  to  be  filled.  On 
the  other  hand,  when  the  load  current  for  discharge  is  higher 
then  the  tetrahedral  sites  are  filled  normally  as  long  as  their 
availability  is  high,  however,  toward  the  end  of  the  discharge 
cut-off  voltage,  when  the  tetrahedral  sites  become  scarcely 
available  to  sustain  the  current,  Li+  insertion  at  the  octahe¬ 
dral  commences  (although  it  is  a  less  energetically  favorable 
alternative)  and  the  cubic  spinel  transforms  to  a  tetragonal 
structure.  As  a  result,  the  valence  state  of  Mn  ions  in  tetrag¬ 
onal  structure  is  reduced  to  +3  as  compared  to  the  valence 
state  of  cubic  spinel  structure  (+3.5).  Recall  our  XPS  results 
indicate  the  appreciable  increase  of  Mn3+  concentration  af¬ 
ter  25th  discharge.  Therefore,  we  think  that  during  discharge, 
tetragonal  Li2Mn204  may  indeed  have  formed  at  least  at  the 
surface  of  otherwise  cubic  spinel  LMO  particles.  Since  the 
high  spin  ionic  radius  of  Mn3+  is  larger  than  Mn4+,  due  to 
the  formation  of  tetragonal  Li2Mn204  at  the  surface  of  cubic 
spinel  particles,  the  lattice  parameter  of  the  cycled  electrode 


is  expected  to  be  increased  as  observed  experimentally  in 
the  present  study.  The  cubic  to  tetragonal  transition  is  known 
to  have  ^6.5%  increase  the  unit  cell  volume.  In  the  present 
study,  the  increment  of  lattice  strain  (due  to  the  lattice  mis¬ 
match  between  the  two  structure)  from  0.13%  (virgin,  cubic 
spinel)  to  0.32%  (cycled  electrode)  (see  inset  of  Fig.  4)  prob¬ 
ably  supports  the  predicted  onset  of  Jahn-Teller  distortion 
above  3  V  regime.  The  reason  behind  the  appreciable  incre¬ 
ment  of  the  crystallite  size  with  charge-discharge  cycling 
is  not  clearly  understood;  probably,  it  is  also  related  to  the 
formation  of  tetragonal  on  the  surface  of  spinel 

LMO  with  cycling.  The  onset  of  the  J-T  distortion  and  the 
associated  strain  in  nano-materials  may  lead  to  poor  electri¬ 
cal  contact  between  the  active  mass  and  the  current  collector 
and  eventually  capacity  fades  with  cycling.  Alternatively,  the 
induced  strain  may  also  distort  the  3d  8a-16c-8a-16c  path¬ 
ways  for  Li+  diffusion,  which  results  the  observed  capacity 
fading. 

If  the  hypothesis  of  the  onset  of  J-T  distortion  towards 
the  end  of  the  discharge  is  indeed  the  dominant  capacity 
fading  mechanism  especially  in  nano-crystalline  LiM^CL 
cathode,  then  the  fading  problem  should  at  least  be  retarded 
if  (i)  the  average  Mn  oxidation  state  in  the  virgin  electrode 
is  increased,  as  it  will  delay  the  J-T  onset  to  lower  voltage 
(below  the  cut-off  potential,  3.2  V);  or  (ii)  increase  the  Li 
content  in  the  virgin  spinel,  so  that  the  delithiated  phase  does 
not  become  unstable  and  during  the  discharge  at  high  ‘C’ 
rate,  Li  diffusion  at  the  octahedral  site  is  retarded.  To  test 
these  hypothesis,  a  cation  co-doping  (LMO  simultaneously 
doped  with  20at.%  Li  and  5.0at.%  Al)  approach  [12,14] 
has  been  adopted  to  synthesize  Li(Lio.2oAlo.05Mni .75)04 
(LLA1MO)  powder  by  solution  technique.  Note  that  the  ex¬ 
cess  Li+1  and  Al3+  ions  presumably  replace  Mn  ions  at  the 


Fig.  6.  Discharge  capacity  of  Li(Lio.2oMni.75Alo.o5)C>4  composite  cathode.  The  inset  shows  the  cyclic  voltammogram  in  the  voltage  range  of  4. 5-2.5  V. 
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Fig.  7.  The  slow  scanned  Mn3p  XPS  of  lithium  and  aluminum  ion  co-doped  lithium  manganate  (a)  before  and  (b)  after  electrochemical  cycling. 


octahedral  site.  If  we  assume  that  the  valence  state  of  Mn 
ions  do  not  exceed  +4  during  charging;  theoretically,  it  is 
predicted  that  only  0.35  M  Li+  can  be  extracted  from  these 
co-doped  material  yielding  a  capacity  ^55  mAh /g.  The  ex¬ 
cess  Li  content  and  Al  doping  content  can  be  adjusted  to 
predict  capacity  that  compare  close  to  the  unmodified  LMO. 
After  charging,  0.85  M  Li+  cannot  be  extracted  from  the  lat¬ 
tice  and  it  is  assumed  that  0.65  M  remains  in  the  tetrahedral 
(8a)  site  and  0.20  M  in  octahedral  (16d)  site.  As  a  result  of 
co-substitution,  the  average  valence  state  of  Mn  should  be 
raised  from  +3.5  (stoichiometric  cubic  spinel)  to  3.8  (mod¬ 
ified  spinel).  Fig.  6  shows  the  typical  discharge  of  LLA1MO 
powder  in  the  voltage  range  between  4.2  and  3.4  V.  The  in¬ 
set  of  the  figure  shows  the  cyclic  voltammogram  of  the  cell 
in  the  voltage  range  of  4. 5-2. 5  V.  The  distinct  plateau  as  ob¬ 
served  in  the  discharge  profile  of  pure  LMO  is  not  observed 
in  LLA1MO  which  indicates  that  the  long  range  cation  or¬ 
dering  in  the  tetrahedral/octahedral  sites  are  disturbed  due 
to  the  insertion  of  dopant  ion(s).  This  is  also  reflected  in  the 
CV  plot  as  current  peaks  in  the  4  V  range  are  blurred.  The 
single  current  peak  in  the  3  V  range  corresponds  the  Li+  ex¬ 
traction/insertion  in  octahedral  (16d)  sites.  Fig.  7  shows  the 
slow  scanned  XPS  spectra  of  Mn3p  peak  of  LLA1MO  cath¬ 
ode  (a)  virgin  and  (b)  after  30th  charge  and  discharge  cycle. 
The  fitted  parameters  are  tabulated  in  Table  3.  It  is  shown 
that  in  the  virgin  electrode,  the  Mn4+  content  is  indeed  in- 

Table  3 


Summary  of  the  fitting  parameters  of  Mn3p  XPS  peak  of  Li(Lio.2oAlo.05 
Mni. 75)04  before  and  after  30th  charge-discharge  cycles 


Mn3p  (eV)  [FWHM] 

Integral  area 
(sq.  unit) 

[Mn3+]: 

[Mn4+] 

Virgin  electrode 

48.36  [1.85]  (Mn3+) 

2379 

0.42:1 

49.81  [2.74]  (Mn4+) 

5730 

After  25th  cycles 

48.53[2.32]  (Mn3+) 

3295 

1.13:1 

50.20  [3.41]  (Mn4+) 

2904 

creased  after  co-doping  and  after  electrochemical  cycling 
the  Mn3+:Mn4+  ratio  remains  close  to  1:1.  The  structural 
disorder  as  well  as  suppression  of  Mn3+  content  is  also  re¬ 
flected  in  the  micro-Raman  spectra  (Fig.  8).  The  structural 
disorder  is  indicated  by  the  disappearance  of  T2g  modes.  The 
shift  of  Aig  mode  in  LLA1MO  virgin  electrode  towards  the 
lower  wave  number  ( — '619  cm-1  as  compared  to  623  cm-1 
in  LMO  virgin  electrode)  indicates  the  abundance  of  Mn4+ 
ions  in  the  oxygen  octahedral  cage  (Fig.  8(a)).  The  posi¬ 
tion  of  Aig  mode  remains  almost  identical  (~622cm-1)  af¬ 
ter  electrochemical  cycling  indicating  the  Mn3+  content  is 
not  significantly  increased  after  cycling  (Fig.  8(b)).  Fig.  9 
shows  the  slow  scanned  (4  4  0)  diffraction  peak  of  LLA1MO 
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Fig.  8.  Micro-Raman  spectra  of  lithium  and  aluminum  ion  co-doped 
lithium  manganate:  (a)  virgin  and  (b)  electrochemically  cycled  composite 
cathodes. 
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Fig.  9.  The  experimental  (symbol)  and  fitted  (line)  slow  scanned  XRD 
plot  of  (440)  diffraction  peak  of  lithium  and  aluminum  ion  co-doped 
lithium  manganate  before  and  after  cycling.  The  inset  shows  the  linear  fit 
of  f  cos  OPk  vs.  sin  6/X  plot  to  calculate  the  crystallite  size  (from  intercept) 
and  lattice  strain  (from  slope)  before  and  after  cycling  (see  text). 

cathode  before  and  after  electrochemical  cycling.  The  inset 
shows  the  linear  /3  cos  SIX  versus  sin  0/X  plot.  The  calculated 
lattice  parameter  before  and  after  cycling  remains  ^8.18x. 
The  crystallite  site  and  lattice  strain  are  marginally  reduced 
after  cycling.  All  these  results  are  supportive  to  the  fact  that 
Mn3+  ion  contents  after  charge-discharge  cycling  are  sig¬ 
nificantly  reduced  in  co-doped  cathode,  and  therefore,  the 
onset  of  J-T  distortion  is  delayed  further  at  least  up  to  the 
cut-off  voltage  ^3.4. 

Fig.  10  shows  that  as  predicted,  the  cycleability  is  in¬ 
deed  improved  appreciably  in  co-doped  LMO  cathode  due 
to  the  delayed  onset  of  J-T  distortion.  The  capacity  repeated 


Fig.  10.  Comparison  of  the  cycleability  behavior  of  pure  and  Li  and  Al 
ion  co-doped  lithium  manganate  composite  cathodes. 


cycling  remains  always  higher  than  the  theoretical  predic¬ 
tion  even  after.  Taking  the  capacity  of  co-doped  material 
^75  mAh/g,  it  can  be  calculated  back  that  0.47  M  Li  is  ac¬ 
tually  participating  in  the  electrochemical  reaction  and  Mn 
valence  state  at  the  top  of  the  charge  is  +4.06.  Although 
the  valence  state  of  Mn+  more  than  +4  is  possible,  further 
studies  are  required  to  clarify  these  issues. 

4.  Conclusions 

We  have  successfully  synthesized  nano-crystalline  (diam¬ 
eter  <  100  nm)  lithium  manganate  (LMO)  particles  by  an 
acetate  based  chemical  solution  route.  In  the  4. 2-3. 4  V  range 
at  0.98  C  discharge  rate,  the  capacity  of  nano-crystalline 
LMO  was  120  mAh/g.  However,  even  in  the  4  V  ranges, 
severe  capacity  fading  was  observed  when  these  cathodes 
were  cycled  at  constant  current  of  0.98  C.  By  analyzing  the 
slow  scanned  X-ray  diffractograms  of  as  prepared  and  cycled 
composite  cathodes,  we  found  that  both  the  lattice  strain  as 
well  as  crystallite  size  of  LMO  particles  were  increased  af¬ 
ter  the  charge-discharge  cycling.  The  XPS  analysis  in  con¬ 
junction  with  the  micro-Raman  spectroscopy  indicated  that 
at  the  surface  of  LMO  particles,  the  Mn3+  ion  contents  were 
increased  after  charge-discharge  cycling.  The  increase  of 
Mn3+  ion  contents  as  well  as  lattice  strain  could  be  related 
with  the  formation  of  tetragonal  Li2Mn204  type  compound 
at  the  surface  of  LMO  particles  having  otherwise  cubic 
spinel  structure.  The  reason  for  the  severe  capacity  fading 
of  nano-crystalline  LMO  powders  were  believed  to  be  due 
to  the  onset  of  the  Jahn-Teller  distortion  towards  the  end  of 
the  discharge.  By  simultaneous  Li  and  Al  doping  (replacing 
Mn  in  the  octahedral  16d  site),  the  average  oxidation  state 
of  Mn  ions  in  virgin  LMO  electrodes  was  increased  and 
thereby  the  onset  of  cubic  to  tetragonal  structural  transition 
(Jahn-Teller)  was  delayed.  Although  the  discharge  capacity 
of  these  co-cation  doped  lithium  manganate  was  reduced, 
but  their  cycleability  was  dramatically  improved.  The  dop¬ 
ing  contents  of  Al  and  Li  are  needed  to  be  further  optimized 
to  increase  the  discharge  capacity  of  these  nano-crystalline 
cathode  materials. 
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